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Abstract: Secondary metabolites are highly beneficial to human health and have 

commercial and industrial values. So, this research aimed to study the effects of 

exogenous salicylic acid (SA) and jasmonic acid (JA) on some secondary 

metabolites in purple coneflower. A field experiment as a randomized complete 

block design with three replications was conducted in Shahrood, Iran. Treatments 

were the factorial arrangement of 3 SA (0, 0.5, and 1 millimole) and 4 JA 

concentrations (0, 5, 20, and 50 micromole). The non-linear regression procedure 

was employed to quantify the relation of these materials with each other. The 

results indicated that the SA effect on all ten measured secondary metabolites 

changed with changing the JA levels as there was the interaction between these 

elicitors. On average, most (7 out of 11) of the combined SA_JA levels up-

regulated the production of secondary metabolites as compared to the plants not 

sprayed with SA and JA. In terms of average response to elicitation with 11 

combined SA_JA levels, they ranked from higher to lower as the guaiacol 

peroxidase, hydrogen proxide (H2O2), polyphenol oxidase, glutathione S-

transferase, superoxide dismutase, NADPH oxidase, total phenolic content, 

phenylalanine ammonia-lyase, anthocyanin, and flavonoid. A few secondary 

metabolites appeared to have a biphasic relationship with each other. For 

instance, over lower and medium values of NADPH oxidase activity, anthocyanin 

content increased linearly with increasing NADPH oxidase activity; over higher 

values of NADPH oxidase activity, it showed a plateau state. 
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1. INTRODUCTION 

Purple coneflower (Echinacea purpurea) is a native plant to North America and the most 

widely cultivated medicinal plant (Kaiser et al., 2015). Its commercial products have diversified 

to include capsules, tablets, powders, tinctures, teas, and other beverages, as well as personal 

care products (Patel et al., 2008). Many benefits have been reported for this plant, including 

chemoprevention, treating the toothache, bowel pain, snake bite, skin disorders, seizure, chronic 

arthritis, cancer, upper respiratory tract infections such as colds and flu, and as an immune 

stimulant (Patel et al., 2008). The bioactive compounds of purple coneflower increase the 

number of white blood cells and spleen cells and improve the ability of phagocytosis by 

granulocytes (Kaiser et al., 2015). The promotion of the immune system through the 

consumption of purple coneflower products has been attributed to alkamides, glycoproteins, 
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polysaccharides, caffeic acid, and derivatives (Kaiser et al., 2015). The phenolic compounds, 

as one of the most important constituents of coneflower, contain very valuable organic 

materials.  

The synthesis of above-mentioned bioactive compounds, known as secondary metabolites, 

requires expensive, difficult, and time-consuming procedures; in addition, the natural 

combinations of these compounds are more effective than artificially made ones. Therefore, 

different compounds including abiotic (e.g. titanium (IV) ascorbate), biotic (e.g. yeast extract), 

growth regulators (e.g. gibberellic acid), herbicides (e.g. glyphosate), and stress response 

molecules (e.g. methyl jasmonate; the volatile derivative of JA) have been employed to elicit 

the secondary metabolites in the different species of coneflower (Parsons et al., 2018). 

SA and JA are known as elicitors and key signaling compounds in the induction process, 

leading to the accumulation of secondary metabolites. JA and SA respond to the biotic and 

abiotic stresses of the plants, and induce catalytic reactions by specific enzymes involved in the 

biosynthesis of phenolic compounds (Mendoza et al., 2018). SA regulates the phenylalanine 

ammonia-lyase (PAL) enzyme activity, which is a biosynthetic enzyme that catalyzes 

biosynthetic reactions related to the formation of defensive compounds such as superoxide 

dismutase and peroxidase (Torun et al., 2020).  

Generally, JA tends to be involved in physiological and molecular responses. Physiological 

responses include activation of the antioxidant system superoxide anion radical, peroxidase, 

NADPH-oxidase, called antioxidant system (Karpets et al., 2014), accumulation of isoleucine, 

methionine, and soluble sugars (Wasternack, 2014), and regulation of stomatal closing and 

opening. JA has been shown to interact with plant hormones like ABA, GA, and IAA (Acharya 

& Assmann, 2009). Under the freezing and salt stress conditions, ABA and SA together 

positively regulate stress tolerance response (Horváth et al., 2015). Exogenous SA pretreatment 

significantly induced freezing tolerance of wheat via enhancing biosynthesis of ABA (Wang et 

al., 2018). In salt-stressed tomato plants, SA treatment has induced ABA biosynthesis and 

partially recovered lowered photosynthetic activity (Horváth et al., 2015). Pretreatment of 

barley plants with SA has led to a reduction in water deficit-resulted damage (Bandurska & 

Stroiński, 2005). SA and methyl jasmonate foliar application has increased the phenolic 

compounds in plant cell suspension cultures of Thevetia peruviana (Mendoza et al., 2018). 

Treated Salvia miltiorrhiza with SA in cell culture has had more PAL activity and contained 

more phenolic compounds (Dong et al., 2010). In an experiment on callus culture of T. 

peruviana, elicitation with the combination of 100 millimole of JA and 10 millimole of abscisic 

acid has resulted in an increased production of phenolic compounds (Rincón-Pérez et al., 2016). 

Methyl jasmonate and SA application have had a significant effect on antioxidant enzymes 

activity in many plants including Arachis hypogaea (Kumari et al., 2006).  

Most of the studies regarding secondary metabolite elicitation of purple coneflower have 

been carried out within in vitro culture systems. Additional studies on the application of elicitors 

to field-grown purple coneflower would also be useful, since effects may differ considerably 

under the diversity of field conditions (Parsons et al., 2018). Recently, Mohebby et al. (2021) 

assessed the effect of SA and methyl jasmonate on three antioxidant enzymes (catalase, 

peroxidase, and superoxide dismutase), chicoric acid, and chlorogenic acid content of field-

grown purple coneflower. The present field experiment aimed to study the effect of SA and JA 

on some other secondary metabolites of purple coneflower. 

2. MATERIAL and METHODS 

This field experiment was conducted at the Research Farm of Shahrood University of 

Technology, Shahrood (36° 25' N, 55° 01' E, and 1345 m asl), Iran in 2017. The mean annual 

value of temperature, precipitation, and relative humidity was 14 °C, 180 mm, and 48%, 
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respectively. Soil texture (0-30 cm depth) was loam-silt with 0.76% organic carbon, 15.54 ppm 

available phosphorous, 250 ppm available potassium, 0.06% total nitrogen, pH 7.2, and EC 1.5 

dSm-1.  

The seeds of Echinacea purpurea were obtained from Pakan Seeds Company, Isfahan, Iran, 

and were sown in the nursery on 21 March. The transplants were planted on 5 June with a 30 

cm separation between plants and 60 cm separation between rows. Each plot area was 9 m2 (3 

m × 3 m) with five rows. The experiment followed a randomized complete block design with 

three replications per treatment. Treatments were the factorial arrangement of 4 JA (0, 5, 20, 

and 50 micromole), and 3 SA concentrations (0, 0.5, and 1 millimole). At the onset of 

reproductive growth stage, JA and SA were sprayed on plants at a 10-day interval. The foliar 

application was repeated two more times at the mentioned interval. One week after the last 

spray, plant samples (the upper fully developed leaf) were taken to measure the following 

secondary metabolites.  

H2O2 assay: The concentration of this material was determined following the Nelson method 

as described by Snell & Snell (1971). The reaction mixture consisted of 2.5 milliliter of 0.1% 

titanyl sulfate in 20% sulfuric acid (v/v), and 0.75 milliliter enzyme extract. The mixture was 

centrifuged at 5,000 g for 15 min at 25 oC. The absorbance readings were taken at 410 nm to 

quantify the intensity of the yellow color that developed in the reaction. The extinction 

coefficient (ε410) was 0.28 micromole -1 cm-1. 

Superoxide dismutase (SOD) assay: Beauchamp and Fridovich (1971) method was adopted 

for SOD assay. In this method, riboflavin and methionine are used to produce superoxide in the 

presence of light. Superoxide causes the reduction of nitro blue tetrazolium and the formation 

of purple formazan. The reaction mixture was incubated under fluorescent light for 10 min and 

the absorbance was measured against a blank at 560 nm.  

Guaiacol peroxidase (GPX) assay: The activity of GPX was measured by the method of 

Chance & Maehly (1955). A reaction mixture of 3 milliliter contained 0.1 mole phosphate 

buffer (pH 6.8), 30 millimole guaiacol, 30 millimole hydrogen peroxide, and 0.3 milliliter 

enzyme extract. Enzyme activity began by adding hydrogen peroxide to the reaction mixture. 

The increase in the absorbance of the reaction solution at 470 nm was recorded for one min.  

NADPH oxidase assay: NADPH oxidase activity was determined according to Van-Gestelen 

et al. (1997) method. Briefly, nitro blue tetrazolium was converted to monoformazan by two 

O2
•− molecules. This reduction was ascertained for one min at 530 nm. The reaction mixture (1 

milliliter) contained 50 millimole Tris-HCl buffer (pH 7.8), 1 millimole CaCl2, 0.1 millimole 

nitro blue tetrazolium, and 0.1 millimole NADPH. NADPH oxidase activity was expressed as 

micromole of nitro blue tetrazolium converted per minute per gram fresh weight of tissue. 

Glutathione S-transferase (GST) assay: GST activity was determined as described by 

Gronwald and Plaisance (1998) which is the modified procedure of Habig et al. (1974, cited 

from Gronwald and hecked, 1998). The reaction medium contained 0.1 mole potassium 

phosphate (pH 6.5), 1 millimole glutathione, 1 millimole 1-chloro, 2,4-dinitrobenzene 

(CDNB), 1% absolute ethanol, and protein in a total volume of 1 milliliter. One unit of GST 

activity is defined as the formation of 1 micromole product min−1 at the temperature 25 °C. 

Polyphenol oxidase (PPO) assay: PPO activity was determined by the method of Kar & 

Mishra (1976). The assay mixture (3 milliliter) contained 25 millimole phosphate buffer (pH 

6.6), enzymatic extract (100 microliter), 0.1 millimole pyrogallol. The absorbance of the 

mixture was recorded at 420 nm. Enzyme activity began by adding pyrogallol to the reaction 

mixture.  

Phenylalanine ammonia-lyase (PAL) assay: PAL activity was determined according to Wang 

et al. (2006), which is based on the cinnamic acid (CA) production rate. One milliliter of the 
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extraction buffer, 0.5 milliliter of 10 millimole L-phenylalanine, 0.4 milliliter of double-

distilled water, and 0.1 milliliter of enzyme extract were incubated at 37 oC (a temperature at 

which the peak activity of PAL takes place) for 1 hour. The reaction was terminated by adding 

0.5 milliliter of 6 mole HCl; then the product was extracted with 15 milliliter ethyl acetate, 

followed by evaporation to remove the extracting solvent. The solid residue was suspended in 

3 milliliter of 0.05 mole sodium hydroxide, and the CA concentration was quantified based on 

the absorbance at 280 nm.  

Total phenolic content (TPC) assay: TPC was determined using Folin–Ciocalteu’s reagent 

(Singleton & Rossi, 1965). Briefly, 0.5 milliliter of the diluted extract was reacted with 2.5 

milliliter of 0.2 mol per liter Folin Cicoalteu reagent. After 4 min, 2 milliliter of saturated 

sodium carbonate (about 75 g L-1) was added and then, the solution was incubated for 120 min 

at room temperature. The absorbance readings of the resulting blue-colored solution were taken 

at 760 nm. A standard curve, prepared with 100, 200, 300, 400, and 500 mg L-1 of gallic acid, 

was adopted as a reference standard and TPC was expressed as gallic acid equivalent (mg 

GAE)g-1 fresh weight of the sample. 

Anthocyanin assay: Anthocyanin content was determined as described by Mita et al. (1997). 

Fresh leaf sample (20 mg) was homogenized with 3 milliliter of 1% (v/v) hydrochloric acid in 

methanol and then the extraction was kept under dark conditions at 4 °C for 24 h. The mixture 

was centrifuged at 10,000 g for 15 min and then the absorbance of the supernatant was recorded 

at 530 and 657 nm. One unit of anthocyanin equals one unit of absorbance [A530 - (0.25 × 

A657)] per milliliter of extraction solution.  

Flavonoid assay: The aluminum chloride colorimetric method was applied to estimate the 

flavonoid content as described by Chang et al. (2002). Leaf sample extract (0.5 milliliter of 

1:10 g milliliter-1) in methanol was mixed with 1.5 milliliter of methanol, 0.1 milliliter of 10% 

aluminum chloride, 0.1 milliliter of 1 mole potassium acetate, and 2.8 milliliter of distilled 

water. After incubation at room temperature for 30 min, the absorbance of the reaction mixture 

was recorded at 415 nm. Quercetin solutions (12.5 to 100 g milliliter-1 in methanol) were 

utilized to make the calibration curve. 

Statistical analysis: The statistical analysis, including analysis of variance and mean 

comparison based on the least significant difference (LSD) method, was performed, using SAS 

version 9.1 (SAS Institute Inc., Cary, NC, USA). The following equations were applied to 

express the biphasic relationship between secondary metabolites, using NLIN procedure of 

SAS software: 

Y = a + b × X If X < X0 (1) 

Y = a + b × X0 If X > X0 

Y = a + b × X0 If X < X0 (2) 

Y = a + b × X If X > X0 

Where Y and X are secondary metabolites, a intercept, b slope, and X0 the value of X at which 

the relation of Y with X shows a remarkable change. 

3. RESULTS 

The results of analysis of variance indicated that both simple and interactive effects of SA and 

JA were significant (p <0.01) on all measured secondary metabolites (data not presented). The 

mean values in Figure 1, pertaining to the H2O2 content of purple coneflower in response to 

varying levels of SA and JA, revealed considerable differences with each other. Under no SA 

(SA0) and 1 millimole SA application conditions (SA1), the higher H2O2 content was obtained 

with application of 20 millimole JA as compared to the other JA levels; while under 0.5 
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millimole SA spraying conditions, the higher H2O2 content was found upon elicitation with 50 

millimole JA. 

Figure 1. Interactive effects of JA (micromole)  and SA (millimole) on H2O2 content (A), and NADPH 

oxidase activity (B) in purple coneflower.  

  

In terms of NADPH oxidase activity in plants that were not sprayed with SA (SA0), 

treatments 5, 20, and 50 micromole JA behaved equally with non-significant differences among 

each other; these treatments were statistically superior to control (JA0) (Figure 1). The highest 

and second highest NADPH oxidase activity was found upon elicitation with 1 millimole SA 

and 50 micromole JA, and with 0.5 millimole SA and 50 micromole JA, respectively. As it is 

shown in Figure 2, the biphasic relationship was obtained between H2O2 content and NADPH 

oxidase activity; with increasing NADPH oxidase activity from 4.8 to 6.338 micromole min-1 

g-1 leaf fresh weight, the H2O2 content was surged with a sharp slope (Table 1); with more 

increase in NADPH oxidase activity, it showed a plateau state.  

Figure 2. Biphasic relation of H2O2 content with NADPH oxidase activity (A), and of anthocyanin 

content with NADPH oxidase activity (B). 

  

Table 1.  The parameters ± standard error of non-linear-regression-based relationship between some 

secondary metabolites. 
a Secondary metabolite Intercept (a) Slope (b) X0 

H2O2 - NADPH oxidase -79.224 ± 13.68 21.059 ± 2.52 6.338 ± 0.14 

Anthocyanin - NADPH oxidase -6.332 ± 1.07 2.164 ± 0.17 7.778 ± 0.22 

Anthocyanin - GST 15.059 ± 1.21 -0.587 ± 0.09 17.924 ± 0.82 

GPX - NADPH oxidase -27.567 ± 5.12 7.117± 0.89 6.840 ± 0.18 
a   GST: Glutathione S-transferase; GPX: guaiacol peroxidase. 
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Regarding anthocyanin content, 50 millimole JA was superior to the other three JA levels; 

this was true for plants sprayed with all levels of SA (Figure 3). Surprisingly, for plants treated 

with all SA levels, application of 5 micromole JA decreased anthocyanin content to a level 

lower than control. As it is shown in Figure 2, over lower and medium values of NADPH 

oxidase activity, anthocyanin content increased linearly with increasing NADPH oxidase 

activity; over higher values of NADPH oxidase, it remained constant. The effect of JA on 

flavonoid content was considerably changed with changing SA levels (Figure 3). The highest 

and lowest flavonoid content was obtained for plants treated with 0.5 millimole SA and 5 

micromole JA, and with 0.5 millimole SA and 50 micromole JA, respectively. 

Figure 3. Interactive effects of JA (micromole)  and SA (millimole) on anthocyanin (A), and flavonoid 

contents (B) in purple coneflower.  

  

The treatment combination of 1 millimole SA and 5 micromole JA, and of 1 millimole SA 

and 20 micromole JA behaved equally with no significant difference between each other, and 

the highest SOD activity of 34.5 and 35.33 micromole g-1 FW were recorded in these treatment 

combinations, respectively (Figure 4). Averaged over JA levels, the plants elicited with 1 

millimole SA consisted of lower amounts of GST activity than those elicited with no SA and 

0.5 millimole SA (Figure 4). Under no SA application conditions, the value of GST activity 

increased linearly with increasing GA levels from 0 to 20 micromole. The treatment 

combination of no SA application and 20 micromole JA application got the highest position 

with 28.07 micromole g-1 FW GST activity. Over lower values of GST activity, there was an 

inverse relation between anthocyanin content and GST activity; over higher values of GST 

activity, anthocyanin content remained constant (Figure 5). 

Figure 4. Interactive effects of JA (micromole)  and SA (millimole) on SOD activity (A), and GST 

activity (B) in purple coneflower.  
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Figure 5. Biphasic relation of anthocyanin content with GST activity (A) and of GPX activity with 

NADPH oxidase activity (B). 

  

Figure 6. Interactive effects of JA (micromole) and SA (millimole) on GPX activity (A), and PPO 

activity (B) in purple coneflower. 

  

All combined levels of SA_JA, except 0.5 millimole SA and no JA application, positively 

influenced GPX activity as compared to control (Figure 6). The highest and second highest 

GPX activity was obtained upon elicitation with 1 millimole SA and 50 micromole JA, and 

with 1 millimole SA and 20 micromole JA, respectively. Over lower values of NADPH oxidase 

activity, a positive relationship was found between GPX and NADPH oxidase activities; over 

higher values of NADPH oxidase activity, GPX activity showed a plateau state (Figure 5). In 

the context of PPO activity, there was no significant difference between the treatment 

combination of 0 millimole SA_5 micromole JA, 0.5 millimole SA_5 micromole JA, and 0.5 

millimole SA_20 micromole JA; these three treatment combinations attained the greatest PPO 

activity (Figure 6). 
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Figure 7. Interactive effects of JA (micromole)  and SA (millimole) on phenylalanine ammonia-lyase 

(PAL; CA: cinnamic acid) activity (A), and total phenolic content (B) of purple coneflower. 

  

 

In terms of PAL activity, 5 micromole JA application attained superiority when combined 

with 0.5 and 1 millimole SA (Figure 7). The lowest PAL activity (5.63 microgram CA mg-1 

protein min-1) was obtained upon elicitation with no JA and 05 millimole SA. Under no SA 

application conditions, only one JA level (20 micromole) up-regulated TPC as compared to 

control (Figure 7); while under 0.5 and 1 millimole SA application conditions, more JA levels 

promoted TPC to a level higher than control. 

4. DISCUSSION and CONCLUSION 

The results indicated that elicitation with SA and JA induced oxidative stress as H2O2 content 

was soared (Figure 1). This induction was highly intensive (2.6-fold enhance as compared to 

control) upon elicitation with 0.5 millimole SA and 50 micromole JA. The change in reactive 

oxygen species (ROS) generation, including H2O2, is attributable to NADPH oxidase 

involvement, as Rouet et al. (2006) reported that the oxidative response in tobacco, induced by 

hypo-osmolarity, is originated from NADPH oxidase activity. In our experiment, although 

NADPH oxidase activity was intensified by most of SA and JA levels (Figure 1), part of the 

H2O2 may not have been originated from NADPH oxidase activity since with increasing 

NADPH oxidase activity from 6.338 to 8.86 micromole min-1 g-1 FW, H2O2 content remained 

constant (Figure 2). The cell wall-bound peroxidase (Bolwell et al., 2002), oxalate oxidase (Hu 

et al., 2003), amine oxidase (Angelini & Federico, 1989), and quinone reductase (Schopfer et 

al., 2008) might be involved in H2O2 generation. 

Anthocyanin has nutritional value and a healing effect on cardiovascular and 

neurodegenerative diseases in humans (Mattioli et al., 2020). Its content tended to be increased 

considerably in response to the high level of (50 micromole) JA application (Figure 3). Five out 

of 11 combined levels of SA_JA promoted anthocyanin accumulation as compared to control. 

The accumulation of anthocyanin is triggered by biotic and abiotic stresses; ROS scavenging is 

one of the anthocyanin’s important roles (Agati et al., 2020). In many other plants, including 

radish (Sakamoto & Suzuki, 2019), the elicitors like methyl jasmonate have also caused an 

increase in the accumulation of anthocyanin. It seems that anthocyanin content is not up-

regulated by higher values of NADPH oxidase activity; since, as it was shown in Figure 2, over 

lower and medium values of NADPH oxidase activity, anthocyanin content enhanced linearly 

with increasing NADPH oxidase activity; over higher values of NADPH oxidase activity, it 

showed a plateau state. 

Four out of 11 combined levels of SA_JA enhanced the flavonoids content to a level higher 

than control (Figure 3). The maximum increase (16%) was obtained upon elicitation with 0.5 

millimole SA and 5 micromole JA. A review report by Agati et al. (2020) supports a remarkable 
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antioxidant function served by flavonoids in plants exposed to a wide range of stressors-resulted 

oxidative stress. Eight combinations of SA_JA levels intensified GST activity (Figure 4). These 

results are in tune with other reports regarding the up-regulation of GST activity by SA and 

even exogenous H2O2 application in other plants (Gong et al., 2005). Over lower values of GST 

activity, there was an inverse relation between anthocyanin content and GST activity; over 

higher values of GST, no relation was found between them (Figure 5). Such a relationship 

between these two attributes in the leaf might be due to GST-mediated transportation of 

anthocyanin from the leaf and accumulation in other organs like stem and/or root. GST involves 

diverse aspects of plant physiology, including signal transduction, regulatory functions, and 

transport of anthocyanin from the cytosol to the vacuole for storage (Estévez & Hernández, 

2020).  

GPX, a heme-containing enzyme, can effectively quench the reactive intermediary forms of 

O2 and peroxy radicals under stressed conditions (Sharma et al., 2012). Ten combinations of 

SA_JA levels, especially 1 millimole SA and 50 micromole JA (more than 200% increase as 

compared to control), resulted in the promotion of GPX activity (Figure 6). The intensification 

of GPX activity upon exogenous application of SA has also been evidenced in the cell 

suspension culture of Scrophularia kakudensis (Manivannan et al., 2016). The SOD activity is 

up-regulated in response to elicitation-resulted enhance in ROS formation (Kolupaeva & 

Yastreb, 2021). This antioxidant enzyme has a critical role in defense mechanisms by 

converting O.-
2 to H2O2 in cytosols, chloroplasts, and mitochondria. In the present study, 

elicitation with five combinations of SA_JA levels intensified the SOD activity (Figure 4). The 

effect of 5 and 20 micromole JA on SOD activity was the highest only when combined with a 

high level (1 millimole) of SA. This is an interaction between SA and JA, which implies the 

co-potentiated production of ROS by these elicitors. Our results are in agreement with the 

findings that have been reported previously (Mohebby et al., 2021). 

Many reports show a positive correlation between PPO expression and resistance/tolerance 

to biotic stresses (Taranto et al., 2017). The present study is the first report that deals with the 

effect of JA and SA elicitors on the activity of PPO in purple coneflower. PPO activity appeared 

to be up-regulated upon elicitation of plant with seven combinations of SA_JA levels (Figure 

6). Therefore, the exogenous application of JA and SA mimics the response of a wound signal 

or a pathogen attack, which triggers a defense reaction in plants by inducing the oxidative burst. 

In plants, the deamination of L-phenyl alanine to produce trans-cinnamic acid and ammonia is 

known as the first step for phenylpropanoid skeleton biosynthesis (Bagal et al., 2012). This 

reaction is catalyzed by the PAL enzyme and is often regarded as a key step in the biosynthesis 

of the phenylpropanoid compounds. Eight combinations of SA_JA levels resulted in an 

enhanced PAL activity (Figure 7). Our results are in accordance with the previous studies 

regarding the impact of SA and methyl jasmonate on wheat infected by Pratylenchus thornei 

(Ketabchi et al., 2015).  

Phenolic compounds are highly valuable as they include biochanin, homogenistic acid, and 

12 more beneficial materials (Ho et al., 2020). In comparison with control, eight combinations 

of SA_JA levels, especially 0.5 millimole SA_20 micromole JA (1.47 folds of control), caused 

up-regulation of TPC (Figure 7). In previous studies on purple coneflower, the methyl 

jasmonate and SA have also increased two derivatives of phenolic compounds, including 

chlorogenic acid (Mohebby et al., 2021). Generally speaking, in the present study JA and SA 

elicitation activated the defense responses of purple coneflower, thereby up-regulated the 

production of all measured secondary metabolites which have commercial and industrial 

values. Given the fact that a diet rich in secondary metabolites would be beneficial to human 

health, the elicitation of these metabolites in all edible plants including vegetables should be a 

major field of research in the future. 
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As a conclusion, on average, 7 out of 11 combinations of SA_JA levels increased the 

content/activity of measured secondary metabolites as compared to control. In terms of average 

response to elicitation with 11 combined levels of JA and SA, the secondary metabolites ranked 

from higher to lower as the GPX (2.37-fold of control), H2O2 (1.86), PPO (1.38), GST (1.36), 

SOD (1.27), NADPH oxidase (1.23), TPC (1.2), PAL (1.11), anthocyanin (1.1), and flavonoid 

(0.94). These metabolites have direct and indirect relations with each other. Here, segmented 

regression could quantify the relation of a few ones which had the simple biphasic relationship 

(Figures 3 and 5). In future studies, the artificial neural network procedure must be employed 

to quantify the relation of all these metabolites together. This procedure has successfully been 

used to quantify complicated relationships in many other fields of research (e.g. Gholipoor et 

al., 2012; 2013; 2019; Salehzadeh et al., 2016). 
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